Reduction of left atrial appendage (LAA) flow velocity (FV) is a risk factor for thrombus formation and increases the risk of stroke in patients with atrial fibrillation (AF). Furthermore, LAA morphology is correlated with stroke in patients with AF. The aim of this study was to correlate LAAFV with LAA morphology in patients with AF.
Introduction
Thromboembolic events in patients with atrial fibrillation (AF) are deleterious, 1, 2 with .90% of embolic strokes caused by thrombi that formed in the left atrial appendage (LAA). 3, 4 It was recently reported that LAA morphology correlates with transient ischaemic attacks (TIA) and strokes in patients with AF. 5 -7 Additionally, reduced LAA flow velocity (LAAFV) is a well-established risk factor for thromboembolism. 8 -10 However, the relationship between LAAFV and LAA morphology has not been fully characterized in patients with paroxysmal AF. We hypothesized that LAAFV varies with LAA morphology. The aim of this study was to evaluate the associations between LAAFV and types of LAA morphology.
Methods Patients
This retrospective study included 144 consecutive patients who had been referred for radiofrequency catheter ablation for symptomatic drug-refractory paroxysmal AF (PAF) from October 2010 to March 2014. All patients had undergone transthoracic echocardiography (TTE), transoesophageal echocardiography (TEE), and multidetector computed tomography (MDCT) using a 64-or 320-slice CT scanner. Patients who had undergone either TEE or MDCT during AF rhythm were excluded from this study (n ¼ 12), as were patients who had undergone MDCT without contrast enhancement because of renal dysfunction (n ¼ 25). Additionally, 11 of the patients who had undergone contrast enhancement CT were excluded, because the quality of the CT images was too poor to permit LAA visualization. Thus, 96 of the 144 patients had undergone enhanced CT, TTE, and TEE during sinus rhythm and were included in this study. In our institution, patients who undergo radiofrequency catheter ablation for AF are routinely anticoagulated with warfarin or non-vitamin K antagonist oral anticoagulants for at least 4 weeks before the ablation, even for those with CHADS 2 scores of ≤1. All patients gave their written informed consent.
Echocardiographic data analysis
All patients had received TTE and TEE within 2 days prior to the scheduled ablation procedure. TTE and TEE were performed with an iE33 ultrasound system (Philips Healthcare, Bothell, WA, USA) using a broadband S4 transducer (2 -4 MHz) and an X7-2t TEE transducer by two cardiologists who were blinded to the clinical details and results. All images were stored digitally for playback and analysis. The comprehensive echocardiographic measurements by TTE and TEE conformed to the recommendations of the American Society of Echocardiography. 11, 12 The presence of a left atrial spontaneous echo contrast (SEC) was diagnosed by detecting a characteristic swirling motion distinct from a white noise artifact in the atrial cavity. 13 
Measurements of LAAFV
LAAFV was measured during sinus rhythm by TEE using pulsed-wave Doppler imaging, as previously reported by our group. 14 Briefly, the sample volume (4 mm) was positioned 1 cm from the LAA orifice in the longitudinal view of that appendage. LAAFV was defined as the late diastolic emptying velocity, namely the peak of the outflow velocity after the P-wave on an electrocardiogram, and was measured over three cardiac cycles.
Cardiac MDCT imaging analysis
From October 2010 to March 2012, contrasted-enhanced cardiac CT imaging was performed with a 64-slice MSCT scanner (n ¼ 33; Aquilion 64, Toshiba Medical Systems, Otawara, Japan) and from April 2012 to March 2014 with a 320-slice CT scanner (n ¼ 63; Aquilion ONE, Toshiba Medical Systems). The slice acquisition thickness was 1.0 mm. With the 64-slice scanner, a contrast agent was injected through a 20-gauge catheter into the antecubital vein at 0.06 × body weight (kg) mL/s for scan duration +8 s, whereas with the 320-slice scanner, contrast agent was injected at 0.06 × body weight (kg) mL/s for 12 s. Threedimensional LAA structures were reconstructed using an image analysis system (ZIOSTATION2, Ziosoft, Tokyo, Japan). Standard measurements of LAA volume, length, trabeculation, and the angle of the first LAA bend were studied in the resultant three-dimensional images. The LAA orifice was measured manually on multiplanar reformatted images, its size defined by its narrowest portion. 15 The formula 0.785 × LAA long diameter × LAA short diameter was used to calculate a surrogate value for the area of the LAA orifice in accordance with its elliptical shape. 15 All CT scans were analysed independently by two trained observers blinded to clinical data; conflict was resolved by common agreement with a third observer. Mild trabeculations were defined as minimal or no indentation on the LAA wall, moderate trabeculations as trabeculations on part of the LAA wall with portions of the LAA showing minimal or no indentation, and extensive trabeculations as diffuse indentation throughout the LAA wall. 6 Classification of LAA morphology
The types of LAA morphology (chicken wing, windsock, cactus, and cauliflower) 5, 7 are shown in Figure 1 . As there are numerous anatomical features of LAA, 16 a definite classification of LAA morphology is still being developed. Therefore, although the division of LAA morphology into four types was originally designed to help practical planning for a transcatheter LAA closure device placement, 17 use of this classification is rapidly expanding. 5 -7,17,18 In the present study, the classification of LAA morphology reported by Kimura et al. was intentionally used as it is based on these four classification types and contains more objective measurements to distinguish the LAA morphologies. 7 In this classification, LAAs are classified into the following four types: (i) 'chicken wing', a .4-cm-long main lobe with a folded angle of ,1008 ( Figure 1A) ; (ii) 'windsock', a main lobe .4 cm long with a folded angle of .1008 ( Figure 1B) ; (iii) 'cactus', a ,4-cm-long main lobe with more than two lobes over 1 cm ( Figure 1C) ; and (iv) 'cauliflower', a ,4-cm-long main lobe with no forked lobes ( Figure 1D ). assess the associations between two quantitative variables. Multiple linear regression analyses were performed to identify significant determinants of LAAFV and then expanded in the following manner. First, by using a dummy variable, the four LAA morphologic types were entered in Model 1. Second, relevant clinical characteristics (i.e. sex, age) were added to Model 1 (Model 2). Third, LAA anatomical characteristics (i.e. LAA orifice area, volume, and trabeculation) were added to Model 2 (Model 3). Because the diameter of the LAA orifice was used to calculate its area, the diameter was excluded from the analysis to avoid collinearity. Finally, the presence of hypertension and dyslipidaemia were added to Model 3 (Model 4). R 2 and adjusted R 2 were calculated in each step to assess the model fit. The inter-observer agreement between readers was evaluated using Cohen's kappa. A good level of agreement was defined as k ≥ 0.61. 19 A P-value of ,0.05 was considered statistically significant. Statistical analyses were performed using IBM SPSS Statistics for Windows, Version 19.0 (IBM Corp., Armonk, NY, USA).
Statistical analysis

Results
Relevant clinical characteristics
The baseline general characteristics of the 96 patients are shown in Table 1 . Overall, the mean age was 59 + 10 years, 71 (75%) were males, mean body mass index (BMI) was 23.3 + 2.7 kg/m 2 , and 10 (10.4%) had a history of stroke/TIA. The LAA morphologies were distributed as follows: chicken wing (n ¼ 12, 12.5%), windsock (n ¼ 31, 32.3%), cactus (n ¼ 37, 38.5%), and cauliflower (n ¼ 16, 16.7%). The prevalence of hypertension and dyslipidaemia was lower in patients with chicken wing type than in patients with other types of LAA morphology. However, there were no significant differences between LAA morphology types in age, sex, BMI, prevalence of structural heart disease or diabetes mellitus, history of cerebral vascular events (stroke/TIA), or CHADS 2 score. Furthermore, all patients had received oral anticoagulation. Eighty-nine patients (nine with chicken wing, 29 with windsock, 36 with cactus, and 15 with cauliflower morphology) had received warfarin, and seven patients (three with chicken wing, two with windsock, one with cactus, and one with cauliflower morphology) had received nonvitamin K antagonist oral anticoagulants. The mean value for 
Echocardiographic characteristics
The patients' baseline echocardiographic characteristics are shown in Table 2 . There were no significant differences between LAA morphology types in left ventricular ejection fraction, left atrial volume index, or E/e ′ [ratio of early diastolic transmitral flow velocity (E) to the mitral annular velocity at the early diastolic phase on tissue Doppler (e ′ )]. SEC was detected in only five patients, with no significant difference in the prevalence of SEC among LAA morphology types. No participants had thrombus formation.
Cardiac MDCT imaging variables
The patients' baseline cardiac MDCT imaging variables are shown in Table 3 . By ANOVA, there were significant differences between morphologic types in LAA orifice area and volume (P ¼ 0.04, P , 0.001, respectively). The LAA orifice area was the largest in patients with the windsock type (4.0 + 1.0 cm 2 ), and the smallest in patients with the cactus type (3.3 + 0.9 cm 2 ). Tukey's post hoc multiple comparisons showed a significant difference of LAA orifice area between patients with windsock and with cactus (P ¼ 0.022). Furthermore, the LAA volume was the largest in patients with the windsock type (20. (Figure 2 ). Agreement on LAA morphology was good with a k score of 0.80.
Relationship between LAAFV and associated variables
Regression coefficients, standard error, standard partial regression coefficients (b), R 2 , and adjusted R 2 are shown in Table 4 . Table 4) . Furthermore, because the prevalence of hypertension and dyslipidaemia was different among types of LAA morphology, we adjusted these variables in Model 4. In the full multiple regression model, LAA morphology was independently associated with LAAFV (chickens wing: b ¼ 0.317, P ¼ 0.0014; windsock: b ¼ 0.303, P ¼ 0.038).
Discussion
Our study showed that LAAFV during sinus rhythm differed significantly between LAA morphologic types, that LAAFV was significantly higher in patients with chicken wing than cactus and cauliflower, but not with windsock morphology, and that LAA morphology was an independent and the only significant determining factor for LAAFV after adjusting for age, sex, presence of hypertension and dyslipidaemia, LAA orifice area, volume, and degree of LAA trabeculation. Thromboembolic events are significant clinical problems in patients with AF, with previous studies focusing on the clinical value of LAAFV as a predictor of thromboembolism. 8 -10 Our findings of a relationship between LAAFV and the LAA morphology provide additional clinical implications for risk stratification. LAAFV was significantly higher in patients with chicken wing than cactus and cauliflower, but not with windsock morphology. Recently, Di Biase et al. 5 reported that patients with chicken wing morphology were less likely to have cerebral embolic events. Our results support their findings and suggest a potential mechanism: higher LAAFV is associated with less thrombus formation and stroke, 8 -10 and we found that patients with chicken wing morphology had higher LAAFV. These data suggest that LAA morphology might provide a notable factor for risk stratification in patients with PAF who have low CHADS 2 scores, which may help to decide upon prescribing oral anticoagulation therapy or LAA closure in patients who cannot receive anticoagulation drugs because of haemorrhage risk. Whether determination of LAA morphology is reproducible between different observers remains controversial. Moreover, diversity in the prevalence of each LAA morphology (chicken wing, windsock, cactus, and cauliflower) is observed among different studies. 6 Specifically, the prevalence for chicken wing ranges from 17.5 to 48%, windsock from 19 to 46.7%, cactus from 5 to 30%, and cauliflower from 3 to 29.1%. 5 -7,17,18 These variations may reflect a difference in the sampling method of the studied patients (i.e. sampling bias) or subtle differences of definition of LAA morphologies used in various studies. Taken together, these findings suggest that an assessment of LAA morphology should be performed by a relevant appropriate classification. The definition of LAA morphology is subjective, although we minimized inter-observer variability by using rigorous definitions that incorporated more objective information for the types of LAA. 7 Indeed, agreement on LAA morphology was good with a k score of 0.80. Although complicated definitions of LAA morphology have limitations for use in clinical practice, our stringent definitions were appropriate for study purposes and our findings provide accurate information with important clinical implications. Correlation between left atrial appendage morphology and flow velocity
The design of the present study did not allow us to identify associations between the type of LAA morphology and LAA thrombogenic milieu, such as SEC and thrombus formation. The prevalence of SEC in patients with AF reportedly varies from 12 to 67%. 20, 21 In this study, we found a low prevalence of SEC (5.2%). Although we have no data for haemostatic factors (e.g. erythrocyte sedimentation rate, fibrinogen level, thrombin-antithrombin 3 complex, or prothrombin fragment 1 and 2), 20 this apparent discrepancy may be partially explained as follows. The prevalence of SEC is reportedly higher in patients with persistent and long-standing AF than in patients with PAF, 18 and all patients in this study had PAF. Furthermore, there were no patients with thrombus formation in LAA. Thus, a possible explanation is that all patients had been receiving oral anticoagulants from 4 weeks prior to the scheduled ablation procedure in accordance with our institution's protocols. Consequently, our Japanese patients with AF had PT-INR values that were adequate for preventing thromboembolic events. 22 In this study, we found a significant difference between LAA morphologic types in the LAA orifice area. Furthermore, the smallest LAA orifice areas were found in patients with the cactus type of morphology, consistent with a previous report. 6 Although previous studies have reported that LAA orifice size is associated with LAAFV and stroke/TIA in patients with AF, 6,15,23 the orifice area was not a significant determinant of LAAFV in the present study. This may be explained by the fact that our study did not include patients with persistent and long-standing AF. First, it was reported that LAAFV is lower in patients with persistent and long-standing AF than in those with PAF. 18 The lower LAAFV in patients with persistent and long-standing AF directly affects the relationship between LAAFV and the orifice area. Second, patients with persistent and long-standing AF have higher LAA volumes than those with PAF. 24 In this regard, we found a significant relationship between LAA orifice area and volume, even in patients with PAF. It has not been definitely established that a larger orifice area accompanies the greater LAA volume when the basal rhythm changes from paroxysmal to persistent and long-standing AF. However, greater LAA volumes may have a causal effect on the relationship between orifice area and LAAFV. Further studies are required to evaluate whether serial changes in basal rhythm affect the relationship between LAA orifice area and volume in parallel with changes in LAAFV.
Although we did not assess the presence of LA structural abnormalities in this study, accessory LAA, left atrial diverticulum, and atrial septal aneurysm (ASA) are well-recognized anatomical variants by recent cardiac imaging technology. 25 -27 Moreover, the presence of these LA structure abnormalities might directly or indirectly lead to formation of the thrombosis and changes in LAAFV. Indeed, previous studies reported that the presence of ASA decreases LA function, which affects LAAFV. 25, 28 As it remains unclear whether the presence of the accessory LAA and left atrial diverticula also modify LA function and affect LAAFV, further studies are required to confirm this challenging issue.
Study limitations
This study has several limitations. First, it was a single-centre study with a relatively small sample, which may affect the prevalence of LAA morphologic types. Second, our results were obtained from patients with PAF. Thus, the findings cannot be extrapolated to patients with persistent and long-standing AF. In this regard, LAAFV is dependent on basal rhythm (i.e. sinus or AF rhythm), which is reduced during AF rhythm, 10 preventing differences between LAA morphology. Therefore, focusing on LAAFV during sinus rhythm is optimal for examining the relationship between LAAFV and LAA morphology. Third, we did not assess LAA function, such as implementing strain and strain rate imaging by TEE. 29 To date, there are no established means of measuring LAA function, and trabeculated LAA with pectinate muscles interferes with tracing the shape of the LAA. 12 However, it remains possible that there are differences between LAA function and LAA morphology, and associations between LAA function and LAAFV, which should be confirmed in future studies.
Conclusions
LAAFV differs significantly between LAA morphologic types, and LAA morphology is a significant determinant of LAAFV. These findings suggest an underlying mechanism for the association between LAA morphology and embolic events in patients with AF.
